RU40555 is a recently available glucocorticoid receptor (GR) antagonist that differs from RU486 by a methyl radical. We have used the mouse fibroblast cell line L929 to study the in vitro effects of RU40555 on GR translocation and function and on the membrane steroid hormones transporter. The results showed that: 1) RU40555 competed for the binding of labelled dexamethasone (Dex) with a K i of 2·4 nM; 2) both RU40555 and RU486 were equally potent inhibitors of Dexinduced GR-mediated gene transcription; 3) maximum GR translocation induced by micromolar concentrations of Dex and the GR antagonists was 30-55% loss in the cytoplasmic GR and 40-90% increase in the nuclear GR (assessed by GR immunostaining in cytoplasm and nucleus and western blots of immunoprecipitated GR protein in cytosolic and nuclear fractions) and was similar for the two antagonists; 4) at nanomolar concentrations, RU40555 and RU486 induced more GR translocation than Dex (assessed by [ 3 H]Dex binding and western blot of immunoreactive GR in the same cytosolic homogenates); 5) blocking the steroids membrane transporter with verapamil (100 µM) in the presence of Dex (10 nM) increased GR translocation to levels similar to those induced by RU40555 (10 nM) and RU486 (10 nM) alone; 6) verapamil did not affect GR translocation in the presence of RU40555 or RU486. These data demonstrate similar quantitative effects on GR translocation by RU486 and the new GR antagonist, RU40555. Moreover, RU40555, like RU486, is an effective GR antagonist. Finally, there is no evidence that the intracellular concentrations of RU40555 or RU486 are regulated by the steroids membrane transporter in L929 cells.
Introduction
The glucocorticoid receptor (GR) is a ligand-induced transcription factor that belongs to the steroid/thyroid receptor superfamily (Ing & O'Malley 1995) . The unactivated receptor is associated non-covalently with heat shock protein (hsp) 90, hsp70 and hsp56 in a large heteromeric complex that resides primarily in the cytoplasm (Pratt 1993) . The cytoplasmic receptor, when bound by steroid, undergoes a conformational change ('activation'), dissociates from the hsp complex and exposes the so-called 'nuclear localisation signal' (NLS) region that allows translocation from the cytoplasm to the nucleus (Picard & Yamamoto 1987) . In the nucleus, the activated receptor influences gene transcription either by binding to glucocorticoid response elements (GREs) or by interacting with other transcription factors (Ing & O'Malley 1995) . We and others have shown that treatment with GR agonists increases nuclear staining in immunocytochemistry assays using antibodies against GR (Rupprecht et al. 1993 , Czar et al. 1995 , Jewell et al. 1995 , Yang & DeFranco 1996 , Pariante et al. 1997 , and shifts the GR signal from the cytosolic to the nuclear fraction after hypotonic cell rupture or homogenisation (Beck et al. 1993 , Sanchez et al. 1994 , Sackey et al. 1996 , Pariante et al. 1997 . Moreover, a recent study by Htun et al. (1996) has confirmed the hormone-dependent translocation of the cytoplasmic GR into the nucleus, using time-lapse video microscopy of live cells.
Interestingly, the GR antagonist, RU486, has been shown to mimic some of the events related to GR activation, including increased nuclear GR staining in immunocytochemical studies (Qi et al. 1990 , Rupprecht et al. 1993 , Jewell et al. 1995 , Htun et al. 1996 , Sackey et al. 1996 and binding to DNA (Schmidt 1986 , Beck et al. 1993 . Progesterone, another GR antagonist, also has been shown to induce nuclear localisation of the immunostained GR (Rupprecht et al. 1993) .
RU40555 is a new GR antagonist (recently introduced by Roussel Uclaf) that differs from RU486 by a methyl radical. Similarly to RU486, RU40555 has affinity for both the GR and the progesterone receptor. It has been used as a GR antagonist in animal research and has been demonstrated to have no affinity for the mineralocorticoid receptor . However, no study has investigated the effects of RU40555 on GR translocation in vitro. In the present study, we used L929 mouse fibroblast cells to compare the effects of in vitro treatment with the GR agonist, dexamethasone (Dex), and the GR antagonists, RU40555 and RU486, on a panel of quantitative assays investigating GR subcellular localisation and function (Pariante et al. 1997 (Pariante et al. , 1999 .
Interestingly, some GR ligands such as cortisol and Dex -but not corticosterone and progesterone -are actively excreted from cells by membrane transporters belonging to the ATP-binding cassette family of transporters (Ueda et al. 1992 , Kralli & Yamamoto 1996 , Medh et al. 1998 . One of these transporters, the multiple drug resistance (MDR) p-glycoprotein, has been extensively described to regulate intracellular concentrations of steroids, to secrete naturally occurring metabolites and toxic substances directly into the urinary or gastrointestinal tracts, and to confer treatment resistance to tumour cells (Ueda et al. 1992 , Krishna & Mayer 2000 . However, other transporters with similar substrate profiles have been reported (Krishna & Mayer 2000) . For example, the L929 mouse fibroblast cell line also expresses a membrane steroid transporter, which seems to be similar, but not identical, to MDR p-glycoprotein (Kralli & Yamamoto 1998 , Marsaud et al. 1998 . Because it is known that RU486 is not transported by the MDR p-glycoprotein (Gruol & Bourgeois 1994) , we have examined whether RU486 and RU40555 are transported by the L929 cells membrane steroid transporter.
We evaluated: 1) GR-mediated gene expression in cells stably transfected with the mouse mammary tumour virus-chloramphenicol acetyltransferase (MMTV-CAT) reporter gene; 2) quantitative analysis of fluorescence after GR immunostaining; 3) quantitative western immunoblotting of immunoprecipitated GR protein in cytosolic and nuclear fractions; and 4) [ 3 H]Dex receptor binding and western blot of GR protein in the same cytosolic homogenates. We found that, in L929 cells, RU40555 and RU486: 1) equally block Dex-induced GR-mediated gene transcription; 2) induce a similar amount of maximum GR translocation; and 3) are not excreted by the membrane steroid transporter.
Materials and Methods

Materials
Unlabelled Dex was obtained from Sigma (Poole, Dorset, UK). [6, H(N)]-Dexamethasone (43·2 Ci/mmol) was obtained from New England Nuclear (Boston, MA, USA). Human fibronectin was obtained from Becton Dickinson Labware (Franklin Lakes, NJ, USA). The LMCAT cell line was generously provided by E R Sanchez (Department of Pharmacology, Medical College of Ohio, Toledo, OH, USA).
Cell culture conditions and drug treatments
Mouse fibroblast cells (L929) and the stably transfected CAT reporter cell line LMCAT (derived from L929 (Sanchez et al. 1994) ) were maintained in 175 cm 2 flasks (Becton Dickinson Labware) at 37 C with a 5% CO 2 and 95% air atmosphere. The culture medium for L929 cells was DMEM with 10% (v/v) heat-inactivated (56 C, 30 min) calf serum, 50 U/ml penicillin, and 50 µg/ml streptomycin. For immunostaining, cells were grown in DMEM with charcoal-extracted (1% charcoal activated, 0·1% dextran) calf bovine serum. For LMCAT cells, culture medium was DMEM with 10% (v/v) charcoalextracted, heat-inactivated (56 C, 30 min) newborn calf serum and 0·2 mg/ml G418 (Geneticin) antibiotic.
For the CAT assay, LMCAT cells were subcultured in fibronectin-coated 6-well plates and grown for 12 h (final confluency 95%) before drug treatment. For immunoprecipitation/western blotting, L929 cells were subcultured in fibronectin-coated 175 cm 2 flasks for 48-72 h (final confluency 95%) before drug treatment. For immunostaining, cells were transferred into fibronectin-coated chamber slides (Nunc, Napperville, IL, USA) for 12 h to obtain a final confluency of approximately 70%, and then drug treated.
Treatment of both L929 cells and LMCATs for all assays consisted of incubation with fresh medium containing vehicle (ethanol, final concentration <0·04%), or final concentrations of Dex (1 nM, 10 nM or 10 µM), RU40555 (1 nM, 10 nM or 40 µM) or RU486 (1 nM, 10 nM or 40 µM) for 1·5 h. In some experiments, cells were treated with verapamil (100 µM) for 18 h, followed by verapamil and the GR ligands for 1·5 h. The GRmediated gene transcription study included a series of experiments in which LMCAT cells were incubated with RU40555 or RU486 alone for 24 h.
CAT reporter cell line and CAT assay
The LMCAT cell line (derived from L929 cells) is stably transfected with the MMTV-CAT reporter plasmid. Expression of CAT activity by these cells is under hormonal control by virtue of several GREs residing within the MMTV promoter, which lies upstream of the CAT reporter gene (Sanchez et al. 1994) . We have reported that the expression of CAT activity is dependent on both the concentrations of the steroid hormones and the duration of the incubation. Dex (10 µM) for 24 h gives approximately 180-fold induction compared with vehicle-treated cells, Dex (10 µM) for 1·5 h gives approximately a 20-fold induction, and Dex (10 nM) for 1·5 h gives approximately a twofold induction (Pariante et al. 1997) . For each incubation time, Dex (10 µM) gives the maximum induction of CAT expression. We decided to treat cells for 1·5 h, to minimise the possibility of steroid-induced changes in GR expression, which could also affect the CAT activity (Pariante et al. 1999) .
Measurement of CAT enzyme activity was performed using a liquid scintillation counting detection system (Promega, Madison, WI, USA) according to the manufacturer's instructions. Briefly, cell extracts were obtained using a Tris buffer (0·25 M Tris-HCl, pH 8·0) freeze/ thaw procedure, followed by 60 C heating for 10 min to inactivate endogenous deacetylase activity. After centrifugation (20 000 g for 2 min), supernatants were transferred to fresh tubes and processed for CAT enzyme activity. Each reaction was initiated by adding the cofactor n-butyryl Coenzyme A to tubes containing cell extracts and radiolabelled [
3 H]chloramphenicol. The CAT reaction was stopped and the butyrylated forms of 
Immunostaining procedures and fluorescence quantitation
Cells were fixed/permeabilised with methanol at 20 C for 10 min, followed by 30 min incubation with 5% bovine serum albumin (BSA) to block non-specific antibody binding. Cells were then incubated with the rabbit polyclonal antibody 57 (GR57) against the human GR (Affinity BioReagents, Golden, CO, USA) (Cidlowski et al. 1990) , at a concentration of 5 µg/ml in 2% normal donkey serum (NDS) in PBS for 30 min at room temperature, followed by overnight incubation at 4 C. The following day, cells were incubated with biotinconjugated donkey anti-rabbit antibody (Jackson Immunoresearch Laboratories, West Grove, PA, USA), at a concentration of 10 µg/ml in NDS for 1 h, followed by incubation with the fluorescein isothiocyanate (FITC)-conjugated streptavidin (Jackson Immunoresearch Laboratories) at a concentration of 9 µg/ml in PBS for 1 h (in darkness). Incubations and washes were performed at room temperature unless otherwise specified. Two washes with PBS were performed between all steps. Cells were mounted with a glass coverslip using the Slowfade-Light Antifade reagent in glycerol buffer (Molecular Probes, Eugene, OR, USA). Microscopic examination was performed using a Nikon Microphot-SA microscope with a Nikon PlanApo 20/0·75 objective. The u.v. source was a Nikon Mercury Lamp HB-10101 AF.
The procedure for the quantitative analysis of fluorescence in the cytoplasm and in the nucleus was developed in consultation with Dr David E Wolf (Cell Biology Group, Worcester Foundation for Biomedical Research, Worcester, MA, USA) and had been described previously (Pariante et al. 1997 (Pariante et al. , 1999 . Briefly, microscopic fields were captured under both light and fluorescence illuminations and transformed into digital images to be shown on a computer screen. Sampling was performed on two to four different areas of each well. The microscope and the camera settings were maintained constant between all the experimental conditions, and no adjustment of the grey scale was performed in the images. A region of interest (ROI) was selected in the cytoplasm and in the nucleus of each cell of the section. The intensity value of each pixel within the ROI ranged between 0 and 255 and was proportional to the number of fluorescent photons emitted from the corresponding point in the specimen. After subtraction of the background (no cells), the mean intensity value of the ROI was calculated. This value represented a measure of the florescence detected from each ROI and could be used to make comparisons between the same cell compartments under different conditions. Several steps were included, to ensure an objective and accurate series of measurements. Firstly, the ROI was initially outlined 'blind' to the fluorescent signal (and to the treatment condition) using light microscopy images, and afterwards the selections were superimposed onto the corresponding fluorescent image and the fluorescence intensity in the region was quantified. Secondly, the ROI was defined using the oval tool of the image software and its width was kept constant. Thirdly, the entire cell and the nucleus were manually demarcated and the resulting areas (number of pixels) were calculated to control for possible changes in the shape of the cells.
Preparation of L929 cells for immunoprecipitation/western blotting, cellular fractionation and immunoprecipitation of GR protein
After incubation with drugs in 175 cm 2 flasks, cells were washed and scraped in cold HBSS, transferred to 50 ml tubes, pelleted at 700 g for 10 min, resuspended in HBSS for three to five consecutive washes and then homogenised. Cellular fractionation and immunoprecipitation of GR were performed according to a procedure that generates soluble cytosolic and nuclear fractions (modified from Sanchez et al. 1994) . Cells were resuspended in hypotonic buffer (10 mM HEPES, 5 mM EDTA, 20 mM sodium molybdate, pH 7·4, with a cocktail of protease inhibitors including aprotinin (0·01 mg/ml), leupeptin (0·01 mg/ml), soybean trypsin inhibitor (0·01 mg/ml), and phenylmethylsulphonyl fluoride (0·16 mg/ml)) followed by Dounce homogenisation. After centrifugation at 1000 g for 5 min, the cytosolic (supernatant) and nuclear fractions (pellet) were saved. The cytosolic fraction was centrifuged again at 20 000 g for 10 min, and the resulting supernatant was collected for salt extraction. The nuclear fraction was resuspended in hypotonic buffer, centrifuged at 900 g for 5 min, and this pellet was resuspended again in hypotonic buffer and collected for salt extraction. Each fraction was then solubilised using 1 h of salt extraction (5 mM EDTA, 20 mM sodium molybdate, 1 M NaCl). The nuclear fraction was centrifuged again (20 000 g, 10 min), and the supernatant was collected. Finally, the rabbit polyclonal antibody 59 (GR59) against the human GR (Affinity Bioreagents) (Cidlowski et al. 1990 ) was added to the samples at a final concentration of 2 µg/ml, for an overnight incubation. The above procedures were all carried out at 4 C. The GR-antibody immunocomplexes were isolated by the addition of protein A-Sepharose, followed by two centrifugation/wash steps, and extraction in sodium dodecyl sulphate (SDS) sample buffer by heating at 95 C.
Gel electrophoresis and quantitative western blotting
Samples were resolved by electrophoresis in 4-7% polyacrylamide-SDS gel as described by Laemmli (1970) . After transfer of the protein content to an Immobilon-P membrane (Millipore, Bedford, MA, USA) the relative amounts of GR protein in the cytosolic and nuclear fractions were determined using western blot analysis (modified from Sanchez et al. 1994) . The membrane was incubated with 0·2% BSA in Tris-buffered saline with 0·1% v/v Tween-20 (BSA-TBST) for 5 min (blocking step), followed by incubation overnight with the rabbit polyclonal antibody 57 (GR57) against the human GR (Affinity BioReagents), 0·5 µg/ml in BSA-TBST. The GR57 antibody recognises a different epitope on the GR (aa 346-367) than the GR59 antibody used for immunoprecipitation (aa 245-259). After the application of purified horseradish peroxidase-labelled goat anti-rabbit IgG second antibody (Kirkegaard & Perry Laboratories, Gaithersburg, MD, USA), 1:25 000 in 10% v/v foetal bovine serum in TBST, the GR protein was visualised using the Enhanced Chemiluminescence detection system (Amersham, Amersham, Bucks, UK).
As previously described (Pariante et al. 1997) , film images of the blots were scanned and then analysed using a specific NIH-Image software algorithm that subtracts the background signal and integrates the width and the optical density of each band as an area under the curve (AUC) graphic. The corresponding value (dimension of the AUC) allowed a relative quantitation of the amount of GR protein in the cytosolic and nuclear fractions under the different conditions.
Competition assays and GR binding with radiolabelled [ 3 H]Dex
GR binding was determined using a previously described in vitro cytosolic exchange assay (Miller et al. 1992 , Pariante et al. 1997 . Cells were fractionated using a freeze/thaw procedure in a volume of 0·7 ml binding buffer (10 mM Tris, 1 mM EDTA, 20 mM molybdic acid, 5 mM dithiothreitol, and 10% glycerol in doubledistilled water, pH 7·4 at 4 C), yielding an approximate final protein concentration of 0·5-1·5 mg/ml cytosol. After centrifugation at 105 000 g for 60 min at 4 C, the supernatant-cytosol was then added to incubation solutions containing radiolabelled [
3 H]Dex with or without unlabelled competitor. Bound radiolabelled steroid was separated from unbound steroid by filtration through minicolumns containing 1·25 ml LH-20 Sephadex (Pharmacia, Piscataway, NJ, USA). Scintillation fluor (Ultima Gold, Packard, Meridien, CT, USA) was added to eluate containing the bound fraction of steroid, and tritium ( 3 H) radioactivity was determined in a Wallac LKB 1209 liquid scintillation counter (LKB, Uppsala, Sweden).
Several steps were included to reduce the amount of residual drug present in the incubation mixture. These included three to five washes in HBSS after drug treatment, and a further 50-fold dilution of cytosol before incubation with the radioligand. Incubations with For competition assays, L929 cells were fractionated and lysates were centrifuged. The supernatant-cytosol was then added to incubation solutions containing radiolabelled [ 3 H]Dex with log molar concentrations of RU40555 or unlabelled Dex ( 6 to 10). K i values were calculated using the equation of Cheng & Prusoff (1973) .
Digital processing system
A digital processing system including a computer station, image analysis software and two devices for image acquisition (a camera and a scanner) was used to acquire, store and process the microscopic and the western blot images, and to perform the quantitative analyses.
The Macintosh Quadra 950 computer and the imaging software package NIH-Image were selected. The latter is a public domain software (written by Wayne S Rasband at the US National Institute of Health) available from the Internet by anonymous FTP from zippy.nimh.nih.gov. Image acquisition was performed using a charge-coupled device camera CCD 72 (MTI) and the scanner Relisys 4830T. Conversion of the analog video signal into digital values was performed using a DT2255 QuickCapture frame grabber (Data Translation). The digital images were composed of 512X512 pixels and the value of the pixel (grey level) ranged between 0 and 255.
Statistical analysis
Data are presented as means ... and were analysed using a one-way ANOVA or a Kruskal-Wallis test. When these tests revealed a significant main effect of treatment condition, the Student-Newman-Keuls post-hoc test (after ANOVA) or the Mann-Whitney test (after Kruskal-Wallis test) was used for between-group comparisons.
Results
RU40555 effectively competes for [ 3 H]Dex binding sites and shows high affinity for the GR
RU40555 and RU486 are structurally homologous, but the site-specific binding of RU40555 to the GR has not been reported. Therefore, competition binding assays were performed using [ 3 H]Dex (10 nM) with log molar concentrations of RU40555 or unlabelled Dex ( 6 to 10) (Fig. 1) . RU40555 competed for the binding of labelled Dex with a K i of 2·4 nM, and Dex had a K d of 0·7 nM. Previous studies have demonstrated that RU486 binds with a similar, high affinity to the murine GR (K d /K i in the range 0·7-3 nM (Bourgeois et al. 1984 , Gagne et al. 1986 , Rupprecht et al. 1993 , Yu et al. 1995 , Wagner et al. 1999 ). Therefore, both GR antagonists have high, comparable affinity for GR.
We also used these results to plan the experiments investigating the effects of Dex, RU40555 and RU486 on GR function and GR subcellular localisation. To test the potency of RU40555 and RU486 to block GR-mediated gene transcription in the presence of Dex, and to induce maximum GR translocation with these three drugs, we used Dex (10 µM), RU40555 (40 µM) and RU486 (40 µM). These concentrations are all approximately 15 000-fold the value of the K d /K i of the drugs.
RU40555 and RU486 equally block GR-mediated gene expression and show weak agonistic activity after prolonged incubation
GR-mediated gene expression was examined in LMCAT cells. Expression of the CAT enzyme reporter gene in these cells is under hormonal control by virtue of several GREs residing upstream of the CAT gene (Sanchez et al. 1994) .
LMCAT cells were treated for 1·5 h with Dex (10 µM) alone, or in combination with RU486 (40 µM) or RU40555 (40 µM). Moreover, to evaluate if RU40555 and RU486 alone had any agonistic activity, LMCAT cells were treated with RU40555 (40 µM) or RU486 (40 µM) alone, for 1·5 h and for 24 h. Values are expressed as percentage of the baseline CAT activity of vehicletreated cells. As shown in Fig. 2 , and consistent with the findings of our previous studies (Pariante et al. 1997) , Dex (10 µM) for 1·5 h induced a 15-20-fold increase in CAT gene expression (see Materials and Methods) . This increase in CAT activity was fully inhibited by co-treatment with either RU486 or RU40555. Alone, RU40555 and RU486 showed a weak agonistic activity after 24 h of incubation (+100% and +176%, respectively), but not after 1·5 h.
Treatments with Dex (10 µM), RU40555 (40 µM) and RU486 (40 µM) induce GR translocation
We examined the subcellular localisation of GR after treatments with Dex (10 µM), RU40555 (40 µM) and RU486 (40 µM), using a fluorescence/immunostaining procedure and western blot of the GR in the cytosolic and nuclear fractions. Both techniques were coupled to quantitative analyses able to define the relative amount of GR translocated in the various conditions.
In the first series of experiments, we evaluated the subcellular distribution of GR using a fluorescence/ immunostaining procedure. L929 cells stained for the GR after the various treatments are presented in Fig. 3a , together with results of the quantitative analysis (Fig. 3b) . GR signal was always present both in the cytoplasm and the nucleus of the cells. After treatment with vehicle (A), the pattern of staining was heterogeneous among cells, with a diffuse staining in both the cytoplasm and nucleus. In the majority of cells, the fluorescent signal was more intense in the cytoplasm than in the nucleus, although a few cells with brighter nuclei were present. Nucleoli were never stained. After treatment for 1·5 h with Dex (10 µM) (B), RU40555 (40 µM) (C), or RU486 (40 µM) (D), all cells presented an intense nuclear staining, with nuclear fluorescence more intense than cytoplasmic fluorescence. To control for the specificity of the immunostaining for GR, a series of experiments were conducted in which the primary antibody anti-GR (GR57) was either preabsorbed against the immunogen peptide (PEP-001, from Affinity BioReagents) or substituted with NDS, or the second antibody (anti-rabbit IgG) was substituted with NDS; controls were always negative. Fixed but unstained cells showed only minimal autofluorescence. There were no relevant differences among the various treatment conditions in the morphology of the cells or in the area of the entire cell or nucleus.
In order to determine whether there were any quantitative differences between GR translocation induced by the various compounds, quantitative analysis of fluorescence was performed in blindly selected regions from the cytoplasm and nucleus using digital image analysis in 800 cells (Fig. 3b) . Results are expressed as percentage of the signal in the vehicle-treated cells. The quantitative analysis confirmed that all treatments -Dex (10 µM), RU40555 (40 µM) and RU486 (40 µM) -reduced the GRassociated fluorescence in the cytoplasm (open bars) and increased the GR-associated fluorescence in the nucleus (solid bars) compared with vehicle-treated cells. All treatments induced an 30% decrease in the GR fluorescent signal in the cytoplasm. Dex (10 µM) caused the greatest increase in the signal in the nucleus (90%), whereas RU40555 (40 µM) and RU486 (40 µM) induced 25-45% increase in the signal in the nucleus.
We also evaluated GR by immunoprecipitation/ western blot in the cytoplasmic and nuclear fractions obtained by cell rupture. A representative western blot is presented in Fig. 4a , together with results of the densitometric quantitation of the GR bands from five independent experiments (Fig. 4b) . The rabbit polyclonal antibody 57 (GR57) against the human GR (Affinity BioReagents) recognised a prominent band at 97 kDa, consistent with the results of similar experiments performed with the same antibody in rat brain (O'Donnell et al. 1995) or with different monoclonal antibodies (Beck et al. 1993 , Sanchez et al. 1994 . In cells treated only with vehicle (lanes 1, 2) , the majority of GR was found in the cytosolic fraction. In contrast, treatments with Dex (10 µM) (lanes 3, 4), RU40555 (40 µM) (lanes 5, 6) or RU486 (40 µM) (lanes 7, 8) resulted in GR mostly localised in the nuclear fraction. Densitometric quantitation of the GR bands is expressed in Fig. 4b as a percentage of the signal in the vehicle-treated cells. Consistent and more dramatic than the results using the quantitative fluorescence/ immunostaining procedures, the densitometric analysis of GR bands in the western blot confirmed that all treatments reduced GR in the cytosolic fraction (open bars) and increased the signal in the nuclear fraction (solid bars). Dex (10 µM) alone caused the greater decrease in the cytoplasmic signal (55%) and the greatest increase in nuclear signal (80%), whereas RU40555 (40 µM) or RU486 (40 µM) induced 35-45% decreases in the cytoplasmic signal and 25-40% increase in nuclear signal.
Effect of a steroid transporter inhibitor on the translocation of GR induced by 1-10 nM RU40555, RU486 or Dex
Previous studies have shown that Dex is a substrate for membrane steroid transporters such as the MDR p-glycoprotein (Ueda et al. 1992 ) and the L929 steroid transporter (Medh et al. 1998) , whereas RU486 is not transported by the MDR p-glycoprotein (Gruol & Bourgeois 1994) . In L929 cells, the effects of the steroid transporter on intracellular concentrations of Dex are particularly evident at concentrations of 1-10 nM and disappear at concentrations greater than 0·1 µM (Medh et al. 1998) , because high concentrations of Dex could overwhelm the capacity of the transporter. Therefore, we hypothesised that Dex at concentrations of 1-10 nM would induce less GR translocation in L929 cells, compared with RU486 and RU40555, because intracellular concentrations of Dex (but not of the GR antagonists) Figure 4 Nucleocytoplasmic traffic of GR after treatment with Dex (10 M), RU40555 (40 M) and RU486 (40 M). Western blot of the immunoprecipitated GR in the cytoplasmic and nuclear compartments and densitometric quantitation of GR bands. (a) L929 cells were treated for 1·5 h with vehicle (lanes 1, 2), Dex (10 M) (lanes 3, 4) RU40555 (40 M) (lanes 5, 6) or RU486 (40 M) (lanes 7, 8). Cells were fractionated using a cell-rupturing procedure that generates soluble cytosolic and nuclear fractions. GR present in the fractions was purified with immunoprecipitation using the anti-GR polyclonal antibody, GR59, and analysed by western blot using the anti-GR polyclonal antibody, GR57, and a horseradish peroxidase-conjugated counterantibody. The GR57 recognised a prominent band at 97 kDa. (b) Quantitation of GR bands was based on densitometric analysis. Results are expressed as percentage of the GR signal in the cytosolic fraction (open bars) and the nuclear fraction (solid bars) of vehicle-treated cells, and are presented as means S.E.M. of five independent experiments. *Statistically significant difference (P<0·02) compared with vehicle, using the Mann-Whitney test after a significant Kruskal-Wallis analysis.
would be decreased by the transporter. We examined the effects of 1·5 h treatment with Dex (10 nM), RU40555 (10 nM) and RU486 (10 nM) on cytosolic [ 3 H]Dex binding and western blot of cytosolic GR. In fact, GR activation and translocation from the cytoplasm to the nucleus is associated with decreased [ 3 H]Dex binding (Miller et al. 1992 , Pariante et al. 1997 and decreased immunoreactive GR (Beck et al. 1993 , Sanchez et al. 1994 , O'Donnell et al. 1995 , Sackey et al. 1996 , Pariante et al. 1997 in the cytosolic fraction.
Results are presented in Fig. 5 . Clearly, RU40555 (10 nM) and RU486 (10 nM) induced more GR to translocate from the cytoplasm to the nucleus than did Dex (10 nM). In fact, Dex (10 nM) induced virtually no loss of immunoreactive GR in the cytosolic fraction (solid bars) and an 15% loss in the [ In a separate series of experiments, we also found that 1·5 h treatment with RU40555 (1 nM) and RU486 (1 nM) induced more GR translocation than did Dex (1 nM), using immunocytochemistry staining of GR and quantitative analysis of fluorescence in 350 cells. Dex (1 nM) induced no loss in cytoplasmic fluorescence and 20% increase in the nuclear fluorescence, whereas RU40555 (1 nM) and RU486 (1 nM) induced 15-25% loss in the cytoplasmic fluorescence and 35-50% increase in the nuclear fluorescence.
We then examined whether 18 h pretreatment with verapamil (100 µM), a known inhibitor of the L929 cells steroid transporter (Medh et al. 1998) , would increase the amount of GR translocating from the cytoplasm to the nucleus in the presence of Dex (10 nM) by increasing Dex intracellular concentrations. As expected, pretreatment with verapamil increased GR translocation in the presence of Dex (10 nM) to levels similar to those induced by RU40555 (10 nM) and RU486 (10 nM). In fact, Dex (10 nM) plus verapamil induced 35% loss in the cytosolic immunoreactive GR (compared with no loss with Dex (10 nM) alone) and 85% loss in [ 3 H]Dex cytosolic binding (compared with 15% loss with Dex (10 nM) alone). Pretreatment with verapamil had no effect on GR translocation in the presence of RU40555 (10 nM) (20% loss in the cytosolic immunoreactive GR and 90% loss in cytosolic binding) or RU486 (10 nM) (30% loss in the cytosolic immunoreactive GR and 85% loss in cytosolic binding). 
Discussion
A panel of quantitative assays were used to investigate GR-mediated gene transcription and GR nucleocytoplasmic traffic after treatment with the synthetic glucocorticoid hormone, Dex, and the GR antagonists, RU40555 and RU486. All experiments were performed in mouse L929 cells.
Affinity of RU40555 for GR
We found that RU40555 competed for the binding of Dex with a K i of 2·4 nM, and Dex had a K d of 0·7 nM. Previous studies have demonstrated that RU486 binds with a high affinity to the GR, with K d /K i in the range 0·7-3 nM (Bourgeois et al. 1984 , Gagne et al. 1986 , Rupprecht et al. 1993 , Yu et al. 1995 , Wagner et al. 1999 . Most previous studies have also shown that Dex has K d values ranging from 0·5 to 2·5 nM (Spencer et al. 1990 , 1991 , Miller et al. 1992 , Rupprecht et al. 1993 , Yu et al. 1995 , although K d values in the 5-10 nM range have been described (Lan et al. 1982 , Wagner et al. 1999 . In the few studies that have compared the affinity of Dex and of RU486 for the GR under the same experimental conditions, Dex has shown both a slightly greater affinity (Rupprecht et al. 1993 ) and a slightly lesser affinity (Bourgeois et al. 1984 , Yu et al. 1995 , Wagner et al. 1999 . Therefore, on the basis of information in the available literature and our data, Dex, RU486 and RU40555 seem to have comparable, high affinity for GR.
Effects on GR translocation and GR-mediated gene transcription
Consistently throughout the different techniques we demonstrated that GR was localised preferentially in the cytoplasm of untreated cells and that treatment with Dex, RU40555 and RU486 decreased GR content in the cytoplasm and increased GR content in the nucleus. RU486-induced GR translocation has been described previously (Qi et al. 1990 , Rupprecht et al. 1993 , Jewell et al. 1995 , Htun et al. 1996 , Sackey et al. 1996 , but this is the first report, to our knowledge, that describes a similar phenomenon occurring with RU40555.
Interestingly, GR antagonists, like RU486 and RU40555, induce significant GR nuclear translocation but exert minimal agonistic activity in GR functional assays (such as GR-mediated gene transcription). In our report, RU40555 and RU486 alone elicited weak agonistic activity with prolonged incubation. Therefore, GR antagonists seem unable to induce the correct conformational change in the receptor and to activate fully either GR-mediated chromatin remodelling or transcription factor loading, or both (Nordeen et al. 1995 , Fryer et al. 2000 . Indeed, differences have been described between RU486-induced GR activation and agonistsinduced GR activation: 1) RU486 stabilises the interaction between GR and hsps (Distelhorst & Howard 1990 , Beck et al. 1993 ; 2) the RU486-GR complex interacts with DNA with a much lower affinity than that of the Dex-GR complex (Bourgeois et al. 1984 , Yu et al. 1995 , Wagner et al. 1999 ; and 3) the RU486-GR complex is different from the agonists-GR complex in terms of recycling to the cytoplasm (Qi et al. 1990 , Sackey et al. 1996 . However, binding of the RU486-GR complex to DNA allows for some agonistic activity to take place and explains why RU486 can induce full GR agonistic activity when recruitment of other transcriptional coactivators is facilitated by the enhancement of intracellular signal pathways such as the protein kinase A pathway (Gruol & Altschmied 1993 , Nordeen et al. 1995 , Fryer et al. 2000 , or in some specific cell lines (Fryer et al. 2000) .
Effects of verapamil on GR translocation in the presence of Dex, RU40555 and RU486
Various authors have reported that L929 cells express a membrane steroid transporter that actively decreases intracellular concentration of Dex and that it is blocked by verapamil and FK506 (Kralli & Yamamoto 1996 , Marsaud et al. 1998 , Medh et al. 1998 . Although the substrate profile of this transporter is very similar to that of the MDR p-glycoprotein (Ueda et al. 1992 , Krishna & Mayer 2000 , two independent studies have failed to detect MDR p-glycoprotein immunoreactivity using western blot of L929 cells (Kralli & Yamamoto 1996 , Marsaud et al. 1998 . Moreover, at least one functional difference seems to exist between the L929 steroid transporter and the MDR p-glycoprotein, namely that the MDR p-glycoprotein -but not the L929 transporter -is inhibited by RU486 (Gruol & Bourgeois 1994 , Marsaud et al. 1998 .
Our study confirms and extends these findings, by demonstrating that Dex, but not RU40555 and RU486, is actively expelled by the L929 steroid transporter, and that this effect is relevant for GR translocation, especially at lower concentrations of Dex. In fact, we found that: 1) at low concentrations (1-10 nM), Dex induced less GR translocation compared with RU40555 and RU486; 2) treatment with verapamil together with Dex (10 nM) increased GR translocation to levels similar to those induced by RU40555 (10 nM) and RU486 (10 nM); and 3) verapamil had virtually no effect of GR translocation in the presence of RU40555 and RU486.
Dissociation between immunoreactive GR and [ 3 H]Dex binding sites in the cytoplasm
In our study we evaluated GR binding coupled with western blot of the same cytosolic homogenates. After blocking the steroid transporter with verapamil, all treatments -Dex (10 nM), RU40555 (10 nM) and RU486 (10 nM) -induced similar amounts of GR loss in the cytoplasm and an evident discrepancy between the loss in [ 3 H]Dex binding sites (80-90%) and the loss in immunoreactive GR (20-35%). These findings are remarkably consistent with those of an in vivo study by O'Donnell et al. (1995) , which similarly used western blot and binding of the GR in the same cytosolic extracts obtained from rat brain tissue. In that study, adrenalectomised animals given replacement corticosterone pellets showed decreases in both immunoreactive GR and GR binding, although the magnitude of change in the binding was greater than that measured by western blot.
Immunoreactive GR in the cytoplasm that cannot rebind ligand may represent receptor that has recently dissociated from DNA and recycled to the cytoplasm, as it is known that this subpopulation of receptor is unable to rebind hormone immediately, probably because the GR has not yet reconstituted the complex with the hsps (Scherrer et al. 1990 ). Alternatively, some nuclear GR (that would also be unable to rebind steroids, for the same reason mentioned above) could have leaked to the cytosolic fraction during cell preparation. Under these experimental conditions, we found no differences between Dex-activated GR and antagonists-activated GR. Our results seem to confirm the findings of Sackey et al. (1996) , showing that GR that has been previously translocated by RU486 does appear eventually to reassume a steroid-responsive form.
In conclusion, we found no differences between RU486 and RU40555 in the effects on GR and therefore both drugs could be used as potent tools to investigate GR function, GR modulation by ligands, and ligandindependent regulation of the GR (Pariante & Miller 2001) .
